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ABSTRACT 
Rakhecha, P.R. and Kennedy, M.R., 1985. A generalised technique for the estimation of 
probable maximum precipitation i India. J. Hydrol., 78: 345--359. 
In this paper a version of a generalised method of estimating probable maximum 
precipitation (PMP) is applied to the catchments of four large dams in India. The value 
of a secure dam is high both in terms of human life and in economic terms. Reliable 
estimates of PMP are required in estimating the design flood for spillways of large earth 
and rockfill dams. Estimates of PMP obtained using the traditional method of moisture 
maximisation and storm transposition can be unreliable as highly efficient rain storms 
may not be represented in the rainfall records of an area. 
Generalised methods of (calculating) PMP are used to obtain reliable estimates of PMP 
and also to give estimates which are consistent over a region. This is done by pooling 
together all the rainfall data from a very large area. The rainfall depths axe normalised for 
such factors as storm dew-point temperature, distance of the storm from the coast, 
topographic effects and any intervening mountain barriers between the rainfall area and 
the moisture source. These normalised values can then be applied to any individual 
catchment, with the appropriate adjustment factors. 
INTRODUCTION 
Meteoro log ica l  data  are used in two  areas o f  dam design.  One is the  use o f  
c l imat ic  data  for  p lann ing  purposes  such as es t imat ing  the  average y ie ld  and 
set t ing  an upper  l imi t  to  the  size o f  the  dam.  The  o ther  concerns  the  aspect  
o f  dam safety  in te rms o f  sp i l lway design,  ma in ly  for  ear th  and  rock f i l l  dams 
(the o ther  ma in  areas in dam safety  are geo log ica l  and  const ruct iona l ) .  The  
most  impor tant  task  o f  a hydrometeoro log is t ,  there fore ,  is in ass ist ing the  
des ign eng ineer  to  prov ide  a des ign s torm in te rms o f  ra infa l l  depth  and  its 
spat ia l  and tempora l  d i s t r ibut ions  for  use in der iv ing a sp i l lway  design f lood.  
The sp i l lway  o f  a dam is des igned to  pass th is  f lood  to  prevent  the  poss ib i l i ty  
o f  the  dam be ing breached or  overs t ressed by  over topp ing  o f  the  dam wal l  
under  f lood  cond i t ions .  
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The design storm rainfall value most commonly used is termed the 'pro- 
bable maximum precipitation' (PMP) which is defined by the W.M.O. (1973) 
as 
" the  theoret ical ly greatest depth of precipitat ion for a given durat ion that  is physically 
possible over a part icular basin at a part icular t ime of the year."  
The resulting design flood is termed the 'probable maximum flood' (PMF). 
The main purpose for designing spillways using the PMP--PMF concept is 
to avoid loss of life due to failure of the dam wall. The cost of the spillway 
which is usually many millions of Indian rupees, can also be viewed as an 
insurance against the cost of replacing the dam, the cost of damage caused 
downstream by the flood wave and the economic value of an important 
resource -- the water previously stored in the dam. Reasons for using the 
PMF approach are given by Riedel (1976) and by Hagen (1982). The use of 
this approach would prevent disasters uch as that which occurred when the 
Macchu Dam at Morvi, Bombay, India, was overtopped and breached in 
August 1979, as described by Dhar et al. (1981). The purpose of this paper is 
to apply an accepted generalised method for estimating PMP to catchments 
in India, and to provide the necessary data base. 
METHODS USED TO ESTIMATE PROBABLE MAXIMUM PRECIP ITATION (PMP) 
The earliest methods used to estimate the 'extreme flood', other than by 
rule of thumb, were statistical, and these still predominate in Europe. The 
criterion commonly used for the design storm is the '10,000-yr. event'. How- 
ever, it is not possible to estimate this value with confidence with the limited 
lengths of available records. In the 1930's in the U.S.A. it was recognised 
that in many areas the only type of rain storm relevant o PMP is an event 
associated with the intrusion of an air mass of tropical origin, and that 
these events are often not represented in a statistical series of catchment 
rainfall or in streamflow records. An example is given by Engman et al. 
(1974), and is shown in Fig. 1, when a hurricane in 1972 produced a dis- 
charge about 10 times the highest value previously measured. For this 
reason the physical or deterministic method was introduced by hydro- 
meteorologists in the U.S.A., and since then has been used in many other 
countries including Australia and India. This method is described in detail 
by the W.M.O. (1973). 
The main assumption in the hydrometeorological method is that the PMP 
will result from a storm in which there is the optimum combination of the 
available moisture in the atmosphere and the 'efficiency' of the storm 
mechanism. Factors which influence the storm efficiency include horizontal 
mass convergence, frontal or topographically induced lifting, vertical veloci- 
ties and the rate of condensation of water vapour into droplets. At present 
it is not possible to evaluate all these factors separately, and therefore, 
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Fig. 1. Frequency plot of annual peak discharge values, (Mahantango Creek, U.S.A.). 
observed rainfall is used as an indirect measure of storm efficiency. The 
maximum moisture content of a saturated airmass in a given region is limited 
by the extreme sea-surface temperature in the source region. The air is 
assumed to be saturated in depth and to have a pseudo-adiabatic lapse rate. 
The highest observed rainfall values are adjusted by the ratio of the maxi- 
mum amount of moisture recorded in the study area to that recorded uring 
the storm period. The original method for adjusting the moisture content 
was based on the "thunderstorm odel" of Showalter and Solot (1942). 
Paulhus and Gilman (1953) show that this moisture index could be closely 
approximated by the corresponding ratio of the vertically integrated water 
content (precipitable water) of a saturated air column. For a saturated 
atmosphere with a pseudo-adiabatic lapse rate this is uniquely determined 
by the surface dew-point emperature. 
The assumption that a storm of maximum efficiency has been recorded 
over any particular river basin during the relatively short time for which 
rainfall has been recorded is most unlikely to be valid. For this reason out- 
standing storms are transposed from other regions which experience similar 
meteorological .phenomena nd have similar topography to that of the 
problem basin. Decisions on transposition have a large subjective component 
as it is not possible to devise rigid rules. Over the years there has been an 
increasingly liberal use of storm transposition and very large areas are used 
for locating storms, as shown by Riedel (1977) in the case of the U.S.A. 
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Generalised methods have been developed which use the maximum recorded 
rain depths for all combinations of area and duration and allow for almost 
free transposition i  space. Methods are usually given for deriving isohyetal 
and temporal patterns which are required as inputs to hydrologic models. 
The U.S.W.B. (1965) gives an example of this method. The end-product is
a set of mapped PMP values (e.g., U.S.N.W.S., 1978). 
In the absence of severe storm data in a study of PMP for the Mekong 
River basin, Southeast Asia, U.S.W.B. {1970) applied these techniques 
using U.S. hurricane rainfall data normalised to represent flat land close to 
the coast and to a moisture content corresponding to a surface dew-point 
temperature of 26°C, the highest observed in the U.S.A. The available 
Southeast Asian rainfall data suggest a similar rainfall potential, but there are 
insufficient data to build up a complete set of depth--duration--area (DDA) 
curves. Schwarz (1972) advocated the use of this method and U.S. data to 
estimate PMP in all areas affected by tropical cyclones. W.M.O. (1973) also 
advocates the use of this approach. This generalised method has been applied 
with modifications to catchments in Australia using an Australian data base 
as described by Kennedy (1982). This method has now been applied to the 
Indian region where tropical cyclones and monsoonal depressions are the 
cause of major floods. The essential steps of the generalised method are 
given below. 
THE GENERAL ISED METHOD OF ESTIMATING PROBABLE MAXIMUM PRECIPI- 
TAT ION IN INDIA 
The first requirement of any method of estimating PMP is to build up an 
adequate data base using rainfall depths recorded in severe storms. The 
locations and dates of these storms are usually available in published form 
and are well known, but when possible a computer search and calculation 
of approximate rainfall depths is the desirable first step. 
As the most notable storms are generally outliers they are few in number 
even in a physically large region. Any restriction on the size of the area in 
which these major storms are sought reduces the likelihood of detecting a
storm of virtually maximum efficiency. Differences in local topographical 
features are usually given as a reason for delineating separate regions within 
which the major local storms could be transposed. The effect of topography 
is usually very obvious in the areal distribution of rainfall in average storms 
but seems to be less marked in the more severe storms. In these cases the 
isohyetal patterns often bear no obvious relationship with the underlying 
topography. The heavy-rainfall centres depend on the locations of large 
convective cells, which are fairly randomly distributed in space and time. 
The approach to this problem developed by the U.S. National Weather 
Service (e.g., U.S.W.B., 1965, 1970) is to use a set of rules which enable a 
factor to be calculated for the effect of topography. When calculating DDA 
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values of rainfall this factor is applied in reverse so that these values which 
are the basic input to PMP estimation are in effect first normalised to what 
would have occurred over flat land. Apart from areas of extremely rugged 
topography, the size of the area in which storm samples are obtained is 
determined by where the critical type of storm could conceivably occur. 
In the Indian sub-continent, ropical cyclones and monsoonal depressions 
produce the most heavy widespread rainfall. The area which will be treated 
as meteorologically homogeneous includes virtually the entire sub-continent 
excepting the far southern extremity and the northern areas bordered by the, 
Himalayas. It should be noted that the frequency of recorded tropical storms 
is not a determining factor. The area with the highest frequency of storms 
can be considered to have a greater probability of experiencing a PMP storm 
and this may have implications in the design of a spillway, but it does not 
imply a greater PMP value. The important factor is that the type of storm 
most likely to produce the PMP could occur in a particular area. 
In the rainfall records of India three storms predominate. These are the 
storms of September 17--18, 1880 over northwest Uttar Pradesh, the storm 
of July 26--28, 1927 over Gujarat and that of July 2--4, 1941, a storm which 
brought very heavy rainfall and destructive floods to an area around Dharam- 
pur in the state of Gujarat. 
The 1880 storm was caused by a Bay of Bengal depression which entered 
and reinforced a monsoonal trough. The storm of 1927 was caused by a 
depression which originated in the Bay of Bengal and moved slowly over an 
area in Gujarat. It stimulated the activity of the Arabian Sea monsoon and 
brought heavy rain for a period of 6 days. The 1941 storm also began when 
a depression moved slowly inland over the central parts of India. Rainfall 
data from these storms are given by Dhar et al. (1974, 1980) and by Kulkarni 
(pets. commun., 1983). The main centres of these storms and the trans- 
position area are shown in Fig. 2. The recorded DDA values are shown in 
Fig. 3. In all these three storms a notable feature was little or no movement 
of the storm system during the period of very heavy rain. Another notable 
feature is the absence of marked topography in the main rainfall centres of 
these storms. In fact the areas most affected by the 1927 and 1941 storms 
are almost flat. 
The envelopes to the 1- and 3-day recorded values are shown in Figs. 4 
and 5 with those for Australia, China and the U.S.A. for comparison. The 
Australian values are taken from updated isohyetal charts of major storms 
prepared by the Australian Bureau of Meteorology. The data for China, 
which are only for a 3-day duration, comes from a recent record storm 
described by Xhou (1980). The U.S. data were published by the U.S.W.B. 
(1960). There is some indication that the recorded 3-day values for India 
may be somewhat low for small areas. 
In deriving PMP over India i t  was decided to retain the moisture maxi- 
misation step, in contrast o the approach used for the Mekong basin by 
U.S.W.B. (1970). In that study U.S. data were adjusted using a moisture 
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Fig. 2. Location of the major storm centres. 
index (the precipitable water) corresponding to a dew-point temperature 
of 26°C reduced to 1000 mbar, the highest in the U.S.A. These data were 
applied to the Mekong basin without  adjustment o the local extreme 
dew-point temperature.  Dew-point temperatures are less variable in the 
tropical regions than in the temperate regions where intrusions of moist 
tropical air can occur. However, as there is some variation in available 
moisture from year to year, due to changes in the sea-surface temperature,  
it was decided to retain the moisture adjustment step. 
For long-duration storms over large areas the highest 24-hr.-persisting 
dew-point value is used {e.g., W.M.O., 1973). These values were obtained 
for about  25 representative stations from Pramanik and Hariharan (1951) 
and an interim map of  extreme dew-point temperatures was constructed 
using these values. Australian data show that extreme dew-point emperature 
values are ~ 4°C lower than the extreme sea-surface temperature values due 
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to mixing in the boundary layer. This rule was used to adjust the recorded 
dew-point values on the coast which were low in parts due to the limited 
record lengths and to check the alignment of the isopleths along the coasts 
of the Indian sub-continent. The mean sea-surface temperature values were 
obtained from data given by Hastenrath and Lamb (1979), and are shown in 
Fig. 6. Except for unusual phenomena such as the 'El Ni~o' in the eastern 
Pacific Ocean, extreme sea-surface temperatures are generally no more than 
3°C greater than the long-term means. Extreme sea-surface temperatures 
were derived in this way, and the extreme dew-point isotherms are given in 
Fig. 7. 
An adjustment factor is required when there is a 'barrier' or mountain 
range in the path of the moist air being fed into the storm area. The method 
used is described by Hart (1982) and is a variation of that given by the 
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W.M.O. (1969). There is also a factor to allow for the depletion of moisture 
due to the distance travelled by the air overland. The curve derived by the 
U.S.W.B. (1966) was used after being modified using the rainfall data re- 
corded in major storms in India and is given in Fig. 8. The adjustment 
scheme used for topography is that given by the U.S.W.B. (1965) and 
recommended by the W.M.O. (1973), namely: 
(a) No variation for elevations of less than 300 m. 
(b) An increase of 10% per 300m of ascent above 300m for the first 
upslope. 
(c) A decrease of 5% per 300 m of any subsequent descent. 
(d) An increase of 10% per 300 m for an ~scending upslope for elevation 
above that of the first ridge or crest. 
By applying these factors to the recorded data in reverse, DDA values 
adjusted to a moisture index of 30°C (the highest for India) and applicable 
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to flat land at sea level next  to the coast are obtained. These are shown 
in Fig. 9. 
APPLICATION OF THE GENERALISED METHOD TO ESTIMATE PMP FOR INDIAN 
RIVER BASINS 
Estimates of PMP for durations of 1, 2 and 3 days are given in Table I for 
four major dam sites, namely: (1) the Mahi River up to Kadana in the west; 
(2) the Betwa River up to Raj Ghat in the central parts; (3) the Subarnerkha 
River up to Ghatsila; and (4) up to Chandi in the east. The locations of  these 
dam sites are shown in Fig. 10. The latitude belt in which these three basins 
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are located lies in the direct path of tropical disturbances such as monsoon 
depressions and cyclonic storms originating from the Bay of Bengal and 
the Arabian Sea. These tropical disturbances cause very heavy rainfall along 
and near the region through which they travel. It was found that during the 
80-yr. period from 1891 to 1970 about 227, 243 and 49 tropical distur- 
bances traversed through the Subarnerkha, Betwa and Mahi basins, res- 
pectively. 
CONCLUSION 
This paper demonstrates that the generalised tropical storm method of 
estimating probable maximum precipitation can be used in India. Further 
examination of the rainfall and dew-point emperature cords is required, 
but the method in its present form nevertheless gives consistent and more 
reliable results than those obtained by the old method of storm maximi- 
sation and limited transposition. The use of the results obtained from the 
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generalised method in dam design would make a great contribution towards 
ensuring that these dams are safe and thus in eliminating the loss of life and 
the cost of damage and lost production which has followed the collapse 
of dams in the past. 
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